and numerous other devices. 23 However, application of these 51 novel nanostructures is often hampered by the heterogeneous character of as-produced SWNT 52 samples. All the generally used methods of nanotube production, including high-pressure 53 carbon monoxide disproportionation (HiPco), 24 carbon vapour deposition (CVD), 25 arc-54 discharge, 26 laser ablation, 27 and plasma torch growth, 28 result in mixtures composed of both 55 metallic and semiconducting SWNTs that also vary in length, diameter, and roll-up angles. 56
Moreover, unmodified carbon nanotubes exhibit extremely low solubility and poor dispersability 57 within almost all common organic and aqueous solvents. Several methods aimed at dispersing 58 and purifying SWNTs have recently been developed, including density-gradient 59 ultracentrifugation (DGU), 29 agarose gel filtration, 30 electrophoresis, 31 and selective 60 supramolecular functionalization with conjugated polymers. [32] [33] [34] [35] Of these techniques, the 61 selective interaction of conjugated polymers with specific carbon nanotubes is becoming 62 increasingly important as it is an inexpensive and easily scalable process. In addition, the 63 structural diversity of conjugated polymers allows the preparation of a multitude of structures 64 with specific properties and functions. 65 D r a f t and polycarbazoles, 33, 34, 41 can interact strongly with the surface of carbon nanotubes in a non-68 covalent fashion. It has also been found that the fluorescence of conjugated polymers that are 69 bound to the nanotube surface is efficiently quenched through energy or electron transfer to the 70 nanotube. [42] [43] [44] This suggests that decoration of SWNTs with conjugated polymers can result in a 71 light-harvesting assembly, where the polymer absorbs photons and transfers their energy to the 72 nanotube. However, individual conjugated polymers exhibit relatively narrow absorption bands, 73
limiting their capacity to harvest light. To increase the light absorption capacity, a cascade 74 energy transfer system can be envisioned, involving light-harvesting chromophores decorating 75 the conjugated polymer that is adsorbed to the nanotube surface. Coumarins are an attractive 76 family of chromophores due to their structural variability and corresponding differences in 77 absorption and emission ranges, high emission quantum yields, and photostability. [45] [46] [47] Moreover 78 coumarin derivatives are frequently used as signaling units in sensors and in sophisticated 79 photophysical systems involving fluorescence resonance energy transfer (FRET). [48] [49] [50] The 80 efficiency of FRET depends on the magnitude and orientation of the transition dipole moments 81 of the two chromophores, the spectral overlap of the donor emission and acceptor absorption, 82 and the average interchromophoric distance (R), where efficiency is inversely proportional to 83
51-53
84
The significant spectral overlap between the emission of 7-hydroxycoumarin and the 85 absorption of polyfluorene makes it possible to use these components as a FRET pair. 86 Furthermore, polyfluorene derivatives are known to interact strongly with the surface of SWNTs, 87 allowing the coumarin-polyfluorene-SWNT combination to form a supramolecular assembly that 88 will behave as light-harvesting antenna and energy transfer cascade. Such a system is capable of 89 converting high energy UV radiation into heat (NIR radiation 
4-Heptyl-7-hydroxycoumarin (2):
50, 51 To a 100 mL round bottom flask equipped with a 148 magnetic stirrer, ethyl 3-oxodecanoate (1.07g, 5 mmol), resorcinol (0.55g, 5 mmol), small 149 amount of p-toluenesulfonic acid (~10 mol %) and 10 mL mixture of H 2 SO 4 and methanol 150 (70:30/v:v) were added. The mixture was stirred at room temperature, and the reaction was 151 monitored by TLC. When no starting material was observed by TLC (silica gel, hexane:EtOAc, 152 9:1/v:v), the reaction mixture was diluted with 20 mL of water and extracted with CH 2 Cl 2 (3×25 153 mL). The organic layer was washed with water (25 mL), brine (25 mL) and dried over anhydrous 154 MgSO 4 . Then the solvent was removed by rotary evaporation, and the crude product was purified 155 by recrystallization from ethanol. After drying under vacuum for 24 h, the product was obtained 156
as an off-white solid with yield of 83% (1.17 g). 1 2,7-Dibromo-9,9-bis(6'-brohexyl)fluorene (3): 52 2,7-dibromofluorene (2.30 g, 10 mmol) was 163 added in one portion to a mixture of 1,6-dibromodecane (10 mL, 65 mmol), tetrabutylammonium 164 bromide (0.2 g) and 10 mL of sodium hydroxide aqueous solution (~50 % w/w) in a 100 mL 165 round bottom flask equipped with a magnetic stir bar. The mixture was stirred for 2 h at 75 °C 166 under nitrogen atmosphere. After diluting the reaction mixture with 80 mL of dichloromethane 167 and 30 mL of water, the organic phase was separated, and it was washed with water (30 mL) and 168 brine (30 mL), respectively. The organic layer was then dried over anhydrous MgSO 4 , and 169 dichloromethane was evaporated by rotary evaporation. Unreacted 1,6-dibromoheaxane was 170 collected by vacuum distillation, and the crude product was purified by silica gel column 171 chromatography using hexanes and chloroform (9:1/v:v) as the eluent. The product was obtained 172 as white crystals in 85% yield (6.1 g). 2,7-Dibromo-9,9 ' -bis(10''-(4-heptyl-7-coumarinoxy)hexyl)fluorene (4): A 100 mL round 176 bottom flask equipped with a magnetic stir bar was charged with a solution of 2,7-dibromo-9,9 ' -177 bis(6-bromohexyl)fluorene (0.65 g, 10 mmol), 4-heptyl-7-hydroxycoumarin (0.78 g, 30 mmol), 178 K 2 CO 3 (2 g, 14.5 mmol), and KI (0.1 g, 0.6 mmol) in 30 mL of acetone. Then the mixture was 179 stirred at reflux for 24 h under argon. The reaction mixture was then cooled to room temperature, 180 and solid was removed by filtration. The solvent was removed by vacuum rotatory evaporation, 181 and the crude product was purified by column chromatography using silica (hexane: ethyl 182 acetate resulting product was used for the next step without further purification. 1 0.4 g of the above product (0.5 mmol) and NaN 3 (0.65 g, 10 mmol) in 10 mL DMF were 301 placed into a 100 mL round bottom flask, equipped with a magnetic stir bar, and stirred at 100 302 °C overnight. The mixture was poured into water and extracted with CH 2 Cl 2 (3×30 mL). After 303 drying the organic layer over anhydrous MgSO 4 , and removal of solvent by vacuum rotatory 304 evaporation, the pure azide was obtained as a white solid with a yield of 94% (0.36 g). 1 H NMR 305 10,31 A 100 mL 325
Schlenk tube equipped with a magnetic stir bar was charged with a mixture 7 mL toluene, 3 mL 326 aqueous 2 M K 2 CO 3 (aq.), 1-2 drops of Aliquat 336, new fluorene monomer decorated with 327 coumarin units (compound 4, 9 and 12, respectively) (0.3 mmol), and 9,9 ' -didodecyfluorene-2,7-328 diboronic acid bis(1,3-propanediol)ester (0.201 g, 0.3 mmol). Then the mixture was degassed via 329 sonication under continuous bubbling with Ar for 30 min. Pd(PPh 3 ) 4 (~ 1.0 mol %) was added, 330 and the resulting mixture was stirred at 90 °C under Ar for 48 h. After cooling to room 331 temperature, the mixture was poured into 300 mL of methanol. The precipitated material was 332 recovered by filtration, and washed for 24 h using methanol (150 mL) and acetone (150 mL) 333 separately, to remove oligomers and catalyst residues. 
Results and Discussion

373
Considering the lack of solubilizing side-chains on coumarin chromophores, introduction 374 of 7-hydroxycoumarins as side chains on a fluorene monomer was expected to produce a poorly 375 soluble structure that would lead to an insoluble polymer. It was therefore necessary to first 376 produce a highly soluble coumarin derivative, which could then be incorporated as a monomer 377 side chain. This was accomplished by initial molybdenum (VI) dichloride dioxide (MoO 2 Cl 2 ) 378 catalyzed condensation of octanal with ethyl diazoacetate to produce β-keto ester 1 (Scheme 1). 
D r a f t
To increase the number of coumarins per fluorene monomer from 2 to 4 and 8, separate 387 synthetic approaches were undertaken. First, coumarin 2 was treated with 1,3-dibromopropane, 388
followed by reaction with NaN 3 to produce 7-(3-azidopropoxy)-4-heptylcoumarin (6) (see 389
Scheme 2). Separately, 1-bromomethyl-3,5-bis(prop-2-ynyloxy)benzene (7), which was prepared 390 according to literature procedures, 57 was reacted with 2,7-dibromofluorene to produce the tetra-391 alkyne-decorated fluorene derivative 8. Copper-catalyzed "click" coupling of coumarin azide 6 392 with tetra-alkyne 8 resulted in monomer 9, bearing 4 coumarins (Scheme 2). With coumarin-decorated monomers 4, 9, and 12 in hand, polymerizations using 404 Suzuki-Miyaura cross-coupling chemistry with 9,9'-didodecylfluorene-2,7-diboronic acid 405 bis(1,3-propanediol) as the co-monomer and tetrakis(triphenylphosphine)palladium (Pd(PPh 3 ) 4 ) 406 were carried out as depicted in Scheme 4. 42, 58 In addition to polymerization of the three 407 coumarin-decorated monomers, a model polymer (P1) with no coumarin decoration was also 408 prepared using the commercially-available 9,9'-dioctyl-2,7-dibromofluorene as a modelD r a f t 20 monomer. Each of the coumarin-decorated copolymers, P2-P4, exhibited moderate solubility in 410 common organic solvents, such as THF, CHCl 3 , and toluene. Although it was possible to 411 determine the molecular weight by gel permeation chromatography (GPC) for P1-P4 (Table 1) , 412 this data likely underestimates the actual molecular weight as solubility of the polymers 413 (especially P3 and P4) was limited. This prevented high molecular weight fractions from 414 properly dissolving, thus biasing sample composition toward low molecular weights. 415 416 Scheme 4. Synthesis of polymers P1-P4. 417 properties of the four polymers in dilute THF solution at room temperature. UV-visible 423 absorption spectra of polymers P1-P4 are depicted in Figure 1a , and clearly show the effect of 424 coumarin incorporation in the polymer side chains. Polymers P1 and P2 have almost identical 425 absorption spectra as a result of their similarity in structure and molecular weight (Table 1) , 426 except for the absorption shoulder centered around 320 nm for polymer P2, caused by the 427 coumarins. This coumarin absorption steadily increased, relative to the polyfluorene backbone 428 absorption, in polymers P3 and P4, which contain exponentially increasing numbers of 429 coumarins. Interestingly, the steric hindrance and molecular distortion caused by the bulky side 430 chains in P3 and P4 resulted in significant blue-shifts for the absorption of the polymer 431 backbone, from ca. 380 nm to ca. 360 nm (Figure 1a ). In addition, the applicability of the 432 coumarin and polyfluorene backbone for FRET was investigated by comparing the emission 433 spectrum of the coumarin with the absorption spectrum of the model polymer P1. As shown in 434 between coumarins and the polymer backbone, as well as the change in polymer conformation, 500 cause the sensitized emission to be less intense than the emission from direct excitation. 501
However, regardless of the polymer or excitation wavelength, emission was nearly completely 502 quenched for the polymer-SWNT complexes. This indicates that efficient energy or electron 503 transfer is occurring from both the polymer backbone and the coumarin donors to the nanotube 504 surface. In the case of P2 and P3, it is expected that rapid energy transfer from the coumarins to 505 the polymer backbone is followed by a second transfer to the nanotube on which the polymers 506 are adsorbed. In the case of P4, the low-wavelength shoulder in the stimulated emission 507 spectrum (λ ex = 320 nm) is indicative of a decreased energy transfer efficiency between the 508 coumarins and the polymer (Figure 5c ). However, upon adsorption to the nanotube surface, both 509 coumarin and polymer emission is again efficiently quenched. In this case, it is possible that 510 direct energy transfer to the nanotube competes with energy transfer to the polyfluorene 511 backbone. The overall quenching efficiencies for each of the polymer-SWNT complexes upon 512 excitation of either the coumarins or the polyfluorene backbone are given in Table 2 . To identify the composition of the SWNTs dispersed by the polymers, 524 photoluminescence excitation maps (PLE) of the polymer-SWNT complexes were also 525 measured. Figure 6 depicts the PLE maps of SWNTs dispersed in THF using P1-P4. For 526 reference, the PLE map of just the nanotubes dispersed in D 2 O using SDBS is also shown. In 527 these maps, areas of high intensity are depicted in red and areas of low intensity are depicted in 528 blue. The chiral indices (n, m) for the identified species are labeled on the maps, where the 529 assignments are based on previously reported results. 8 The PLE map of the pristine SWNT 530 sample dispersed in D 2 O using SDBS (Figure 6e) shows the presence of more than 17 different 531 semiconducting nanotubes, a distribution that is similar to what has previously been reported. 61 
532
When the same commercial sample of nanotubes was mixed with polymers P1-P4 in THF, 533 fluorescence signals from different subsets of dispersed SWNTs were obtained. It should be 534 noted that both excitation and emission wavelengths of the polymer-SWNT complexes were red-535 shifted by 10-30 nm relative to the signals observed with SDBS in aqueous solution, which is 536 consistent with previously reported comparable systems.
33,41,61,62 Interestingly, the SWNT 537 composition within dispersions produced with P1 and P2 are very similar, dominated by the 538 emission from (6, 5), (7, 5), and (7, 6) chiralities. The increasing steric bulk around the polymer 539 backbone in P3 and P4 seems to decrease the selectivity of these polymers for specificD r a f t chiralities, as many more fluorescent spots are observed in the PLE maps of dispersions 541 produced with these polymers. It is likely that a helical conformation cannot be achieved with 542 the more bulky side-chains of P3 and P4, and thus these polymers adsorb in a non-specific 543 manner on the nanotube surface. The less bulky P1 and P2 can more effectively form helical 544 assemblies, and will preferentially interact with certain nanotube diameters. 545 546 547 Figure 6 . PL contour maps of HiPco SWNTs dispersed with P1 in THF (a), P2 in THF (b), P3 in 548 D r a f t synthesized and their copolymers with 2,7-dibromo-9,9'-didodecylfluorene were obtained using 553 Suzuki-Miyaura cross-coupling reaction. These coumarin containing polymers showed moderate 554 solubility in various common organic solvents such as THF, toluene, CHCl 3 , and can solubilize 555 SWNTs in these solvents to different levels. All of the precursors, monomers, and polymers were 556 
